Abstract-Flexible continuum robots are utilized for operational areas, in which discretely structured robots are not suitable due to their kinematic limitations. Continuum mechanisms feature adaptiveness, which is a prerequisite for constrained spaces. Furthermore, such robots can be integrated within human-robot interaction scenarios. The crucial contribution of this work is a novel intrinsic continuum worm-like robot based on a modular and decentral control architecture. It is actuated by pneumatic artificial muscles (PAMs), which result in an inherently compliant robotic system. To realize the modularity, the setup deploys a central air supply that feeds locally arranged valve cluster units, which are connected with short stub lines. Keeping the supply tubes between the valves and the PAMs short, guarantees a very direct control with good precision. This paper presents an implementation of a continuum robot with four segments comprising twelve degrees of freedom.
I. INTRODUCTION
Conventional manipulators are based on a serial arrangement of rigid links with driven joints. They can be controlled precisely and are available for a wide range of payloads. Nevertheless, these discrete robot structures have limitations in terms of maneuverability, i.e. their kinematics have a very limited number of degrees of freedom (DOF) [1] . The rigid links and joints also cause problems when it comes to collaboration modes between humans and robots. Different kinds of methods are necessary for safety design [2] , which is particularly interesting in the service robotics domain. Statistical projections for the period until 2016 estimate that about 22 Million units of service robots will be sold for personal use [3] . In this sense, the idea of safe human-robot interaction becomes more and more important.
In contrast to traditional manipulators there are continuum robotic mechanisms, which theoretically offer infinite DOF and thus high maneuverability [1] , [4] , [5] , [6] . If these robots are actuated using flexible driving means, such as pneumatic artificial muscles (PAMs), the resulting inherent compliance meets safety requirements [7] . PAM-based robots have variable stiffness and consequently various force boundary conditions can be fulfilled.
A. Prior Art
Continuum robots [8] , [9] , [10] can be divided in extrinsic and intrinsic designs. Within intrinsic continuum robots the actuators are part of the support structure [4] , extrinsic systems separate the drives from the backbone [11] . PAMs are efficient actuators for use in intrinsic continuum robots [9] .
In the past, various embodiments of PAM-driven continuum robots have been developed. In 2004 Pritts and Rahn [12] introduced a continuum robot with two sections. The first section uses eight opposing contracting/extending PAMs, the second one six PAMs. Bartow et al. [13] built a contractor muscle based continuum trunk manipulator, also known as the Octarm, which comprises three sections. Each section connects three parallel PAMs. Even if the distal section utilizes smaller PAMs, the setup can be seen as a quasi-modular robot.
Additionally to PAM-based continuum robots, it is worth mentioning another interesting robot, which is based on plastic bellows manufactured with 3D printing technology. The Bionic Handling Assistant, developed by Festo AG & Co. KG, is one of the most lightweight continuum robots with a high power-to-weight ratio [5] , [6] . It consists of three segments. The proximal segment has the largest cross section, the distal segment is designed with the smallest cross section, i.e. the overall arm is slightly cone-shaped.
B. Limitations and Solutions
Due to the high number of actuators and the different arrangement of these actuators within the two sections, the continuum robot according to Pritts and Rahn [12] is bulky and not modular. Furthermore, all muscles are switched by simple binary solenoid on/off valves, which also limits the control performance of the system. The rather bulky valves of the Octarm robot (proportional valves SMC ITV1050) are housed in a basement, i.e. all air supply hoses are installed inside the sections and inside the PAMs [13] . Thus, the overall number of sections is limited, as the hose feedthrough would result in great effort and larger diameters of the sections. In [14] it can already be seen that a modified version of the Octarm named type IV, which comprises four sections, doesn't contain all hoses internally, but the hoses for the distal end bypass the third section. The Bionic Handling Assistant, which was referenced as a crucial representation of the state of the art, also has the problem of a consistent modularity. Each segment looks different, and similar to the Octarm, all supply hoses are installed in a feedthrough arrangement and the large-size valves (proportional valves Festo VPWP) are located in the basement.
As a result, all systems of prior art have limitations in terms of either modularity or construction volume. In the case that an application requires a multi-segment setup, the robots mentioned above are not suitable. The major issue of current pneumatically driven intrinsic continuum robots is caused by the central placement of the valve cluster in the basement of the system. This structure leads to great effort regarding wiring and hose installation. It is impossible to build mutli-segment robots, as the plurality of supply tubes would handicap proximal segments. In addition, the overall construction size of these proximal segments would increase.
The problem as discussed before can be solved by a decentral control architecture. The idea is to equally equip each segment with both actuator and control components. All segments include the PAMs, valves, feedback sensors as well as the control hardware on board. Every segment looks exactly the same, which guarantees modularity, and it is not longer necessary to care about lots of supply tubes, since there is only one central supply hose. This central supply hose uses short stub lines that locally feed the valves and PAMs. In an analog manner, the wiring is based on a bus network, which reduces the cable installation effort.
C. Organization of this Paper
The paper is organized as follows. Section II outlines the design of the robot. II-A considers the kinematics analysis and II-B introduces the control strategy. The experimental part is covered in section III, which includes movement tests with respect to reachable positions, velocities and accelerations. Additionally, tests are carried out considering the forces and the control evaluation. The last section IV concludes the paper and gives an impression about future work.
II. DECENTRAL INTRINSIC CONTINUUM ROBOT
The intrinsic continuum robot of this paper is a completely rebuilt version of a former discrete robotic arm [7] , which was based on a rigid backbone structure with cardan joints. Its continuum design comprises four equal segments that are actuated by three parallel PAMs each. One segment can bend in two DOF and shorten/extend in a third DOF. Springs serve as sleeves for the PAMs in order to transfer compressive forces and to guide their motions. They also prevent the muscles from buckling. Two miniature proportional valves take care of switching one PAM -one for inlet and one for outlet. A pair of valves is united in a cluster including a pressure sensor. The entire unit is controlled by a pressure controller board, which is located directly next to it. Three small pressure controller boards are distributed around the central axis of each segment and one additional main controller board (Teensy 3.1 microcontroller) is responsible for superordinate control of these subordinated boards. A short stub tube connects the PAM with the cluster, which is again linked to a central air feed hose. In this manner, three clusters are built in one segment, all served from the same central air hose. Furthermore, each PAM is equipped with a stretch sensor, which detects the length of the muscle based on resistance principle. It is mounted on the spring using nonconductive plastic connectors. A serial arrangement of four identical segment leads to a continuum robotic mechanism with 12 DOF. All segments are fed by means of a common central air hose and controlled by a superordinate i 2 C bus network. Fig. 1 depicts the assembly of those segments, shown in a bent configuration. Table I summarizes the most important specification data of the setup.
A. Kinematics Analysis
As in any type of continuum robot, the analysis of the kinematics is not a straightforward task. The main problem is dealing with the transfer of multiple DOF into a valid model with reduced computation effort. According to prior art, the estimation of the shape of a such a continuum style segment as a curved arc is a rational trade-off [4] , [5] , [15] . The curved arc can be modeled as a torus segment with a torus radius r T , a torus cross section radius r S , a torus segment angle Θ and an orientation angle Φ. Fig. 2 shows this simplification, which is in conformity with [5] .
The forward kinematics can be derived by a set of three lengths l 1 , l 2 and l 3 , which have to be transformed to the torus approach parameters r T , Θ and Φ. Utilizing the correlations of [5] , these parameters are identified as follows:
Equations 1 and 2 make use of a mean segment length l S and a length squared difference term, which are calculated below:
The overall transformation from one frame to the next frame includes both a translational part D 
The drawback of this notation is the singular case for r T → ∞, i.e. Θ → 0. This singular configuration can be treated with a replacement function sinX [5] for α = Θ 2 :
The corresponding term
This way, the corresponding coordinate transformation of one segment and consequently the arrangement of several segments can be solved, which is simply a matter of multiplication of the transformations above. Fig. 3 highlights the orientation of the frames discussed before.
Regarding the inverse kinematics, recent advances in online goal babbling approaches [16] are promising means to solve the problem of kinematically redundant multi-segment continuum mechanisms. The main idea here is to start moving all robotic segments and record the geometric effect. The algorithm starts with an inverse estimate g(x 0 , q 0 ), which is in accordance with the following equation:
To reach a target position x t , the necessary segment coordinates q t are obtained with another relation:
that integrates a noise expression E t (x t ), which is added for performance reasons. For more on this, the reader shall be referred to [16] , [17] , [18] , [19] .
B. Control Strategy
Analog to our previous work -the discrete style robot [7] -the control strategy of the continuum worm-like robotic mechanism uses a cascaded control. In a first step, current controller stages (CC) switch the two proportional valves of each PAM. The second step integrates customized pressure controller units (PC), which set the PAM conditions considering the corresponding pressure sensor feedback. As a last step, a position loop takes the length information of all stretch sensors into account, i.e. the length information of the PAMs. Fig. 4 illustrates this cascaded control strategy.
Additionally to the singularity issue, which was already mentioned in II-A, there is another challenge regarding the length information feedback by means of the stretch sensors. The use of polymer resistor cords is extremely convenient in terms of costs, direct fixation and easy integration. Nevertheless, these sensors have a nonlinear characteristics with a hysteresis. Once they are released from a stretched configuration, the resistance has a peak before it decreases slowly, as it can be seen in Fig. 5 . There is also another effect, which makes these cost-efficient sensors hard to handle: if the sensor stretches and releases several times, the overall resistance increases each time the sensor stretches. Consequently, there is effort necessary to compensate these drawbacks. In order to control each PAM length a sliding mode controller was implemented [20] , [21] . Every muscle is processed with an individual controller to follow a trajectory. In sliding mode control the system is forced to slide across a defined sliding surface. In our case this sliding surface is defined as s(x) = x − x d , where x d denotes the desired trajectory for the length of the muscle and x is the current muscle length. To ensure a sliding across the sliding manifold,ṡ(x) = 0 must be satisfied. It is assumed that the system equation for one PAM system looks as follows:
where p is the current pressure inside the muscle and u the signal representing the current in the proportional valve. For the sliding mode constraint follows:
This means we need to find a function u = g(p,ẋ)|ẋ =0 . Values for this function were obtained by finding the maximum valve current before there is any movement, and repeating this measurement for every possible starting length of the actuator. These values were then fitted using a linear function u min = g(p) and used in combination with a Pcontroller of the form u = u min + K p (x − x d ), where K p is a parameter to adjust the weight of the error term.
III. EXPERIMENTS To demonstrate the motion capabilities of the novel mechanism, three different kinds of experiments are conducted: (A.) movement tests to identify the workspace and the limits regarding velocities and accelerations, (B.) force determination experiments and (C.) sliding mode control testing. Fig. 6 shows the experimental setup -the worm-like robotic mechanism with four segments, mounted upside down. At the flange of the robot a sensor for external motion tracking is attached, which is explained below. 
A. Movement limits
A first test series aims to identify the overall position ranges, velocities and acceleration capabilities of the flange of the continuum robotic mechanism. For these experiments an electromagnetic tracking system (3D Guidance medSAFE by Ascension Technology Corp.; 1.4 mm translational and 0.5
• rotational precision) is used. A 6DOF sensor (model 180 with pre-amplifier by Ascension Technology Corp.) is attached to the distal end of the robot, which can be tracked by the transmitter of the electromagnetic tracking system. The system is deflected in arbitrary directions and moved with various minimum and maximum velocities and accelerations. Fig. 7 shows the results of the movements, which are divided in back & forth, right & left, up & down and circular motions. Examples of those movements are depicted within the subfigure on the left hand side, the combination thereof is illustrated on the right hand side, which indicates the workspace of the mechanism.
In a similar way, various randomly set positions and angles, translational and rotational position changes or velocities and accelerations were set. Corresponding recordings for the translations are shown in Fig. 8 , rotations are depicted in Fig. 9 . Table II summarizes the motion capabilities of the continuum worm-like robotic mechanism. Although the PAM actuators are originally meant to generate longitudinal motions (z-direction), the setting of four segments in combination with an asynchronous control of each of the PAM triples leads to large motion ranges in x-and y-direction as well. As the mechanism doesn't have any actuation means for z-rotation, the detected azimuth angles, velocities and accelerations are only due to oscillation effects.
B. Force determination
The determination of maximum transverse forces of the mechanism are gained by means of a load cell (Phidgets CZL635), which is attached to the flange. Measured data are processed with a Wheatstone Bridge (PhidgetBridge 1046). 
Maximum forces in longitudinal direction are based on PAM characteristics, as already shown in [7] , [22] . According to these characteristics, the PAM forces strongly depend on the contraction state. Z-forces are given for two kinds of states -beginning of contraction with 0 % shortening and almost completely contracted state with 20 % shortening 1 . Results of the measurements and characteristics calculations are summarized in Table III . As the PAM actuators utilized here are designed for contraction only, it is comprehensible that the forces in z-direction -longitudinal direction -are far higher than the ones in x-and y-direction. Motions in both xand y-directions are due to the arrangement of three PAMs and their interaction while controlled in an asynchronous mode, which results in bending. 
1710 N/35 N
C. Sliding mode control test
Utilizing the same experimental setup as described before, tests concerning the sliding mode control approach (cf. subsection II-B) are carried out. The distal segment is moved in a sinusoidal way, which means permanent up and down motions. All length values l 1 , l 2 and l 3 of the stretch sensors are recorded and compared to the sine trajectory. All length values are dimensionless with respect to the resistance output signals, which are processed with the ADC of the pressure controller boards (cf. section II). Results are illustrated in seen that the maximum distortion is after the turning points of the wave. In particular, there are peaks after the upper reversal point, which corresponds with the sensor behavior that was described in Fig. 5 . The mean error of each length is in the range of 8.6, the standard deviation is 6.3, which is slightly better than the deviation reported in [23] .
IV. CONCLUSION AND FUTURE WORK
In this paper the concept of an intrinsic continuum wormlike robotic mechanism was introduced, which is completely modular. The control architecture is characterized by a decentral distribution of hardware components. In contrast to the control architecture, the medium supply and all wiring is centralized consistently, i.e. there is only one air hose feeding locally arranged valve clusters via stub lines and there is one cable linking all segments including i 2 C bus and power supply. Within the experimental section of this paper it could be proved that the mechanism has a remarkable workspace and is able to move and accelerate fast. Furthermore, the sliding mode control approach could be introduced as a reasonable method to deal with noisy sensor signals.
In the future, the mechanism shall be expanded to a system with an even higher number of segments and DOF. The implementation of an adequate input device to control the setup is another issue that has to be addressed. Regarding the integration of components, the authors even think about replacing the current metal plates and connectors by 3D printed rapid prototyping parts (cf. [6] ).
